This document explores hydrologic modeling and flood frequency analysis for ordinary high water mark (OHWM) delineation performed for Clean Water Act implementation and other applications. OHWM delineation in streams and rivers is primarily based on field indicators, and the streamflow recurrence interval corresponding with the OHWM varies between different sites. However, recurrence intervals are the primary metric that hydrologists use to characterize the variability of streamflow, and recurrence intervals provide context for understanding the OHWM. This document tests modeling techniques for estimating flow frequency and assesses their utility for OHWM delineation. The principal conclusions are that (1) there are multiple ways to estimate streamflow recurrence intervals, each having benefits, limitations, and slightly different results; (2) the uncertainty in flow frequency analysis is one reason why the OHWM typically should not be delineated based on the inundation extent of a specific flow recurrence interval; and (3) despite this uncertainty, quantitative flow frequency analysis can assist in OHWM delineation by helping to eliminate or support potential OHWM locations observed in the field. Two separate companion documents focus on (a) hydraulic modeling for OHWM delineation and (b) the combined use of hydraulic modeling, flow frequency analysis, and field evidence for OHWM delineation.
Background
Per Section 404 of the Clean Water Act, the ordinary high water mark (OHWM) demarcates the lateral extent of federal jurisdiction in non-tidal waters of the United States, in the absence of adjacent wetlands. The ability to locate the OHWM is important for determining whether certain activities in and near rivers and streams-such as gravel mining; restoring stream banks; building bridges, houses, and roads; and numerous other activities-may need to be reviewed and authorized under the Clean Water Act. Federal regulations define the OHWM as "that line on the shore established by the fluctuations of water and indicated by physical characteristics such as [a] clear, natural line impressed on the bank, shelving, changes in the character of soil, destruction of terrestrial vegetation, the presence of litter and debris, or other appropriate means that consider the characteristics of the surrounding areas" (33 CFR 328.3). * Building on this definition, a series of manuals and technical reports by the U.S. Army Corps of Engineers (USACE) Engineer Research and Development Center aims to clarify procedures and to reduce some of the difficulties in delineating the OHWM in rivers and streams (e.g., Lichvar et al. 2006; Lichvar and McColley 2008; Curtis et al. 2011; Mersel and Lichvar 2014) . These resources focus on the use of field evidence for delineating the OHWM, especially three primary indicators-lateral topographic breaks in slope, changes in vegetation characteristics, and changes in sediment characteristics-as shown in the archetypal channel in Figure 1 . Importantly, these documents emphasize that OHWM delineation is principally a field-based exercise and should not typically be undertaken by hydrologic modeling or recurrence-interval analysis alone. However, in some cases, knowledge of the flow characteristics at a site can assist in OHWM delineation beyond the information provided by field evidence. For example, in some streams, there may be conflicting field indicators or multiple potential OHWM locations based on the available field evidence. This is especially pertinent in arid and semi-arid stream systems, which commonly have one or more low-flow channels within a broader active channel that may have adjacent floodplains and terraces. Each of these geomorphic features may have different characteristic sediment grain sizes, different vegetation characteristics, or a break in slope at its boundaries. It may be difficult to determine which of these locations of change is most reasonably associated with the OHWM, especially for delineators with little experience at a particular site or with OHWM delineation in general.
In challenging delineation situations, knowledge of the streamflow recurrence intervals associated with various field indicators can sometimes be used to rule out or support potential OHWM locations. Figure 2 , reproduced from Gartner et al. (2016a) , shows estimates of the flow recurrence intervals associated with the elevations of two nested channels (i.e., one is inset within the other) based on field surveys, hydraulic modeling (the Manning equation), and flow frequency analysis (using StreamStats and gage analysis). Field observations indicate that the boundaries of both channels correspond with potential OHWM indicators. However, model results indicate that the smaller channel corresponds with a channel-filling flow that is roughly 1/100 of the 2-year recurrence-interval flow in this location-a flow that is far too small to represent ordinary high water levels. By contrast, the larger channel corresponds with approximately a 5-to 10-year flood event, which is consistent with the range of recurrence intervals associated with the OHWM in semi-arid systems (Lichvar et al. 2006; Curtis et al. 2011 ). Thus, in this scenario, quantitative analysis can effectively
Change in slope, vegetation, and sediment grain size be used to rule out the field indicators associated with the smaller channel and to provide supporting evidence for the field indicators associated with the larger channel. Figure 2 . A Cross-sectional view of Cristianitos Creek, San Clemente, CA, showing flow modeling using the Manning equation (Gartner et al. 2016a ).
Objectives
There are three principal approaches to flood frequency analysis used to determine the recurrence intervals of peak flows (also known as flood flow frequencies), each with its benefits and limitations: stream-gage analysis, regression equations, and rainfall-runoff modeling. Under a broad view, all three approaches are hydrologic models. They all use a set of inputs (such as a gage record, watershed characteristics, or rainfall intensity) to mathematically compute a desired result, in this case recurrence-interval estimates of particular streamflow amounts.
This report is one of a series of documents exploring the use of modeling in OHWM delineation. Two companion reports focus on (a) hydraulic modeling, which simulates the water surface profile for a given discharge (Gartner et al. 2016a) , and (b) case studies to test the combined applicability of hydrologic and hydraulic modeling in OHWM delineation (Gartner et al. 2016b ).
This document is intended for practitioners who are either performing or reviewing OHWM delineations. The aim is to expand the reader's understanding of how modeling is used to determine flow recurrence intervals and how these might be applied or misapplied to OHWM delineations in rivers and streams.
Approach
In this document, Section 2 defines and explores the meaning of recurrence intervals and flood frequency analysis. Section 3 examines and tests how stream-gage data can help to determine and forecast flood flow frequencies. Section 4 focuses on regression equations and investigates how well a composite of gage data from several roughly similar watersheds predicts flow characteristics in ungaged watersheds. Section 5 examines how well rainfall-runoff models use precipitation frequency to estimate flood flow frequency. Section 6 assesses the applicability of these modeling approaches to OHWM delineation. Throughout, this review tests these models to determine which perform best in various situations and how they may or may not be used to support OHWM delineation.
This document does not provide a set of standard procedures to calculate recurrence intervals of flood flows-various technical manuals and tutorials outline those procedures-as that may require specialized training, professional experience, and professional judgment. Instead, this report tests various methods and lists the considerations of the techniques so that regulators and applicants can be better informed about the potential applicability and limitations of hydrologic information for OHWM delineation purposes.
The overarching points of this document are the following:
• There are multiple ways to estimate recurrence intervals. Each technique will give slightly different answers, and each technique has its own benefits and limitations.
• The limited utility of flow frequency analysis for OHWM delineation is due partly to the inherent uncertainty in determining flow recurrence intervals.
• Despite this uncertainty, when performed and applied properly, flow frequency analysis can assist with OHWM delineation in some circumstances. The goal of flow frequency analysis is to determine how often flows of various magnitudes occur-for example, the peak flow that occurs, on average, once every 5 years (a.k.a. the 5-year flood). The terms flood flow frequency, flood recurrence interval, and flood return period are essentially synonymous and are defined as the average time interval between actual occurrences of a hydrological event of a given magnitude or greater (IACWD 1982) . Flood recurrence intervals are based on the probability that a flood event will be equaled or exceeded in a given year. This probability is determined through statistical techniques, collectively called flow frequency analysis. The relationship between frequency and probability is defined as T = 1/P, where T is the recurrence interval and P is the probability of the flood event.
For example, at the U.S. Geological Survey (USGS) stream gage on Lytle Creek near Fontana, CA, the 2-year recurrence-interval flood is estimated to be a flow of approximately 546 ft 3 /s based on flow frequency analysis of the stream-gage record. Equivalently, this discharge is estimated to be equaled or exceeded once every 2 years or to have a 50% probability of occurring in a given year.
It is important to note that the probability of a given event occurring in a given year can differ markedly from the observed frequency of that event over some period of time. For example, a single stream could experience multiple flood events equal to or greater than the 2-year flood in the same year, as occurred in water year 2005 at Lytle Creek. Likewise, 2-year flood events can be separated by 3 or more years, as occurred from 2011 to at least mid-2014 at Lytle Creek. Thus, a given recurrence interval represents only a long-term average frequency of an event.
Recurrence intervals can also be determined for precipitation events. Unlike streamflow recurrence intervals, rainfall recurrence intervals are determined for both the magnitude and the duration of an event. For example, precipitation frequency maps (NOAA 2014) show a 50% chance that 5.5 in. of rain will fall over a 24-hour period during any given year at the Lytle Creek location. This is called the 2-year, 24-hour storm. There is also a 50% chance that 1.16 in. of rain will fall in this location over a 1-hour period in any given year; and this is called the 2-year, 1-hour storm.
Applications of recurrence intervals
Recurrence intervals are one of the primary ways in which hydrologists, planners, and engineers characterize precipitation and high-flow events.
Knowing the frequency at which a flood event is likely to occur provides context for how ordinary or extraordinary a flood event is. Recurrence intervals have also been used to set a common guideline. For example, Federal Emergency Management Agency (FEMA) Flood Zones are established based on areas of the 0.2-percent-annual-chance and 1-percent-annualchance floods, which are equivalent to the 500-and 100-year flood zone, respectively.
However, there is no universal flood frequency that defines ordinary in the context of the OHWM. Previous studies show that the OHWM correspond with a range of recurrence intervals across different rivers or streams (e.g., Curtis et al. 2011; Mersel and Lichvar 2014) . This report demonstrates two principal reasons why no single recurrence interval can be used to characterize or delineate the OHWM. First, there can be substantial uncertainty in determining flow frequencies, as shown in the examples throughout this document. Second, the size and shape of geomorphic features in stream systems (e.g., stream channels, floodplains, etc.) are a function of not only flow history (the basis of flow frequency analysis) but also a range of interrelated processes unique to each system, as demonstrated in greater detail in the following paragraphs.
The 1.5-to 2-year flood has some significance for geomorphologists because it corresponds roughly with the bankfull discharge in many systems (Williams 1978) . As Williams and others have shown, there is no consistent way that bankfull stage or discharge is determined, but it is perhaps most commonly defined as the level of the active floodplain or, similarly, as the top of the channel banks where water just begins to spill onto the floodplain. Close inspection of Williams's data shows that only about a third of rivers exhibit bankfull flows near the 1.5-to 2-year flood range, while the full range of bankfull discharges among the sites examined range from 1.01-year to 32-year recurrence-interval floods.
The variability in bankfull discharge recurrence intervals highlights the highly variable relationship between streamflow recurrence intervals and geomorphic features observed in the field. The bankfull channel is the cumulative expression of many natural processes, including varying flow levels, sediment inputs from tributaries and hillslopes, erosion and deposition on the bed and banks, and other processes that affect channel form (Knighton 1998) . Every river experiences these processes but to varying degrees. Thus, nearly every river has the broadly similar expression of a channel, but the degree to which various processes shape or influence a given channel varies from location to location. Hence, not only does every river have a different flow history but also, more importantly, the history of flows is not the only factor that dictates the channel size.
Pertinence to OHWM delineation
The variable relationship between streamflow and geomorphic features is one of many reasons described in this document why a specific recurrence interval cannot be used to determine the OHWM. At the same time, recurrence intervals can provide some context for the OHWM because they are the principal way that hydrologists and others describe high flows and get a sense of how ordinary or extraordinary a particular flow event is. For example, physical features corresponding with a 100-year flood event can typically be ruled out because a flood that is this infrequent and irregular is well outside of the range of flows reasonably associated with the OHWM. Likewise, features that occur far below the inundation level of a 1-year recurrence-interval peak flow can typically be ruled out because flows that recur this frequently are generally below the range of flows associated with the OHWM. Thus, recurrence intervals and the models used to obtain them have pertinence to OHWM delineation, especially in cases where quantifying the extent of extremely low or extremely high flows can help rule out untenable OHWM locations.
Stream-Gage Analysis
In essence, stream-gage analysis characterizes past flow events measured at a gage to determine the probability of future events at the location of the gage or at a similar nearby location. Stream-gage analysis is a time-honored method for determining flood flow frequencies. A common approach is to examine the peak annual floods (the highest instantaneous flow that occurs each year) measured at a gage for time periods spanning 10 or more years. This type of data is called a peak annual series. Sometimes partial duration series are analyzed. A partial duration series contains all flows above a certain threshold. The threshold is user defined, and it is often set at the lowest of all the peak annual flows in the period of record. Gage records can also be analyzed to determine the frequency of low flows to characterize droughts. This report focuses on peak annual series because it is the primary method of characterizing high-flow events.
The chief benefit of this technique is that it uses actual measurements of peak stream flows from relatively long stream-gage records. In addition, the results can be scaled to locations along the same stream or even extrapolated to other nearby streams, provided the characteristics of the contributing areas are similar. The drainage-area ratio between the gaged and ungaged sites should be approximately between 0.5 and 1.5. Blakemore et al. (1994) describe this scaling method in detail. This technique also has several limitations, including watershed changes, the paucity of gaging stations, the length of record, the accuracy of peak flow measurements, and other assumptions of statistical procedures.
A major constraint of gage analysis is the scarcity of gaging stations and the dismantling of those with long-term records (Lanfear and Hirsh 1999) . It is rare that a site of interest has a nearby gage within the same watershed. Using a gage record to characterize flows at nearby locations can be problematic in areas where the climate, storm patterns, vegetation, and land use can vary greatly from one location to the next, such as in Southern California and in other parts of the Southwest.
Even when a gage is near a site, one must consider possible watershed changes over time because the statistical procedures of standard gage analyses assume stationarity. Many gaged watersheds have flow regulation or urbanization effects that exert a change in the local hydrology. The probability of a given flow event may change over time in response to these external sources of hydrologic variability. Therefore, the contributing areas of the gage must be scrutinized for these watershed-scale changes to the hydrologic regime. In addition, climate change may cause systematic changes in the frequency of flood events; climatic trends are notoriously difficult to see in hydrologic records (Milly et al. 2008 ).
The length of gage record is another primary constraint in stream-gage analysis. Short records may misrepresent the true distribution of stream flows and lead to increased uncertainty in predictions of flood recurrence intervals. Section 3.2 will further assess this concept.
Another concern, although of lesser importance, is the accuracy of peak streamflow measurements. Peak flow data in a stream-gage record can have errors on the order of 5%-50%, generally with greater uncertainty in larger floods. Only rarely are the peak annual floods measured directly with flow meters. More commonly, they are estimated indirectly using hydraulic modeling or a rating curve (Rantz 1982; Turnipseed and Sauer 2010) . Hydraulic modeling uses surveyed cross-section geometry and high water marks as inputs to one or more mathematical equations to calculate peak discharge, but there are several sources of error in hydraulic models (Gartner et al. 2016a (Gartner et al. , 2016b . A rating curve relates the stage (the water level elevation above some datum) in the channel to the discharge based on field measurements collected at a variety of flow levels. Unfortunately, high flows often transport sediment and alter channel dimensions over the course of a storm, thereby altering the stage-discharge relationship of the rating curve. With the increasing use of acoustic Doppler current profilers in the last decade, measurements of high flows have become safer, more precise, and more common, improving the accuracy of gaging records of high flows (Hirsch and Costa 2004) .
The USGS is one of the leading organizations for stream gaging, setting standards and establishing protocols for high-quality streamflow records. They currently maintain over 7000 stream gages throughout the United States, most of which deliver streamflow data in real time (USGS 2014). The length of gage records ranges from several years to over a century. All of the USGS stream-gage records are available for free online (http://waterdata.usgs.gov/nwis). Typically, hydrologists consider these records accurate enough for flood flow frequency analysis, yet even these records have uncertainty.
The statistical analysis of flow records assumes that the gaged floods are representative of the floods that occur at the site, which has already been discussed as it relates to length of record, to watershed changes, and to applying a gage record to a nearby area. A second assumption is that annual peak discharges are independent, homogeneous, and random (Blakemore et al. 1994) . Regarding homogeneity, mixed populations can occur when there are two different storm types that contribute to peak flows. For example, the frequency of snowmelt flooding may differ from the frequency of monsoon-induced flooding; but both types of flooding events could occur in one watershed, as is commonly seen in mountainous regions of the Southwest. Rather than assess a single frequency that merges these two populations, it may be preferable to undertake the more difficult task of separating these two types of events in the flood record and assessing different frequencies for each. Gage analysis also assumes that the peak flows are a sample of random individual events, such that probability of one event occurring does not depend on the past. For example, a large flood in one year should have no bearing on whether or not a large flood occurs the next year.
Gage analysis methods
Once a gage record of annual peak flows is acquired and determined to reasonably meet these assumptions, there are two common ways to determine recurrence intervals (IACWD 1982) . For the first method, the recurrence interval of any given peak flow can be computed by the Weibull Equation, T = (n + 1)/m, where T is recurrence interval, n is the number of years in the record, and m is the rank of the peak flow of interest. This technique is commonly taught in college classes to introduce the concept of recurrence intervals, and there are several online tutorials (e.g., Baer 2014).
The second method, a Log-Pearson Type III frequency analysis, is slightly more complicated; but it is the standard professional method for computing flood flow frequencies. This method applies a statistical distribution to the peak flow data and computes the associated frequency (i.e., the recurrence interval) for these events. Figure 3 shows how this statistical distribution smooths out the observations and allows extrapolation from the data. Established protocols to compute confidence limits are a core benefit of a Log-Pearson Type III frequency analysis. Most other types of flow frequency analysis do not have proven means to calculate the standard error or other measures of uncertainty in the result. HEC-SSP allows users to define which confidence limits the program will compute.
Testing and examining gage analysis results
To test the consistency of results between different methods of flow frequency analysis, this study examined Lytle Creek near Fontana, CA (USGS Gage 11062000), and Ayers Brook in Randolph, VT (USGS Gage 01142500), which represent semi-arid and humid environments, respectively. These watersheds are similar in size (47.1 and 30.5 square miles for Lytle and Ayers, respectively). Both watersheds are mostly undeveloped, but there is a small diversion and run-of-river hydroelectric power plant on Lytle Creek about 7 miles upstream of the gage. Table 1 compares selected Lytle Creek and Ayers Brook recurrence intervals computed using the Weibull Equation and a Log-Pearson Type III distribution and results from StreamStats (a regression-based approach to streamflow analysis discussed in the next section). Among these three methods, the computed peak flows are within the same order of magnitude for a given recurrence interval but can differ by up to 25%. The data show clear evidence that the three methods of flow frequency analysis yield similar but not exactly the same results-a theme that this paper continually develops. For the gage analysis, the differences between recurrence-interval estimates are distinct enough in magnitude such that the 90% prediction intervals do not overlap between the displayed recurrence intervals. That is, the potential range of flows for any given recurrence interval (the prediction interval) is mutually exclusive from every other recurrence interval. Prediction intervals indicate the probability that the true flow is within the given bounds of the flow (i.e., the 90% prediction interval for a flow estimate indicates there is a 90% chance that the true flow will be between the given flow values) (Ries 2007 ).
For example, at Lytle Creek, a flow of 1600 ft 3 /s is within the range of the predicted 5-year flow and is above the range of the predicted 2-year flow, regardless of which type of gage analysis is used. This allows one to conclude with a degree of certainty what the recurrence interval of a given flow could be and, perhaps more important, what it could not be.
On the other hand, these data show that one cannot definitively determine the discharge of a specific recurrence interval, especially in arid systems. At Lytle Creek, the computed 90% prediction interval of the 10-year flow is between 3033 and 5426 ft 3 /s, but it could be anywhere within that interval or (less likely) beyond. Among the gaging records in the southwestern United States, the Lytle Creek gage provides a relatively narrow 90% prediction interval because of the long length of record. Even still, the high value is nearly double the low value. In comparison, the range of the 90% prediction intervals for Ayers Brook is from 1382 to 1698 ft 3 /s for the 10-year flow, indicating that the lower variability of flood flows in humid regions leads to narrower prediction intervals than in semi-arid regions.
The time period of analysis can also be an important factor in flow frequency analysis, especially for extremely high flows and to a lesser extent for moderate flows. Ten years of record is considered a minimum for flood flow frequency analysis (IACWD 1982) ; but longer records, on the order of 30 to 50-plus years, are preferable. Long records are more important in arid than in humid areas because of the higher variability in peak flows in arid regions. As the number of long-record stream gages declines in the United States, it is becoming increasingly difficult to find long-term flow records near a site of interest. Fortunately, data from decommissioned USGS gages can still be accessed online.
To test the effect of the length of the gaging record on flood flow frequency results, compare a Log-Pearson Type III analysis of the entire flow record for Lytle Creek with a randomly selected 15-year window of the flow record . Table 1 summarizes the results, and Figure 4 shows them graphically. For each time period, the resulting flow values are the same order of magnitude for each recurrence interval. For example, the 10-year flow is approximately 4000 ft 3 /s using the entire record and about 5000 ft 3 /s using the randomly-selected 15-year window. However, there is much greater uncertainty when using the 15-year window-so much that there is overlap between the 90% prediction intervals of the 5-year and 10-year flows and the 10-year and 25-year flows. Large uncertainties arise with the 25-year event because it is inherently difficult to extrapolate a 25-year flow event from 15 years of recorded flow.
These data show the great importance of long records in high-variability systems compared to lower-variability systems (Table 1) . For example, the 10-year recurrence-interval flow using 15 years of record has a 90% confidence interval of about 1250-2050 ft 3 /s at Ayers Brook. At Lytle Creek, this span is about 2600-12,200 ft 3 /s, an order of magnitude difference. This greater uncertainty is due in part to the episodic nature of El Niño and La Niña cycles and to the generally higher variability in flows in drier regions.
Pertinence to the OHWM
In sum, these data show that even when directly measured in situ, streamflow data are subject to substantial uncertainty, thus limiting the utility of hydrologic data for OHWM delineation purposes. This variability emphasizes why one cannot simply pick a recurrence interval, model the width of that flow in a channel, and call this result the OHWM. Even if it were possible to name a specific recurrence interval to represent the OHWM, it would not be possible to determine the exact corresponding flow value. There is substantial uncertainty inherent in gage analysis and in all other types of flow frequency analysis.
However, even order-of-magnitude accuracy in flow frequency analyses of gage records may help to narrow down the OHWM location or to rule out potential OHWM locations in certain circumstances, as Section 6 discusses in greater detail. Apart from determining recurrence intervals, gage analysis in the region of a site of interest can give a sense of the timing of flooding events at the site. This historical information can also help with interpreting the physical conditions at a site.
Regression Equations
Regional regression analysis compiles gage records from multiple watersheds to determine the physiographic characteristics (e.g., watershed size, precipitation, and land cover) that best predict the magnitudes of various recurrence intervals of peak flows. The watershed and climatic characteristics are predictor variables of flood return periods. The derived regression equations can then be used to predict streamflow recurrence intervals at similar locations, gaged or ungaged.
Advantages, limitations, and examples
Because they use many data points (i.e., multiple years of flood events from multiple locations), regression equations may reduce the errors and uncertainties of a single gage record (Kirby and Moss 1987) . These equations may outperform standard gage-record analysis even at the site of a gage-a situation more likely in the Southwest region where flood flow variability is high and gage records may be short (Blakemore et al. 1994) . At gaged sites, the best estimates of flood frequency are weighted estimates, which combine gage data with regression equation results, described in detail in Blakemore et al. (1994, 13) .
The main limitations of regression equations are the following:
• They rely on the assumption that the location of interest has similar watershed characteristics as the gages that were used to determine the regression equations-an assumption that can be violated in the case of flow regulation or urbanization.
• Not all areas of the United States have well-established and verified regression equations.
• The uncertainties from gage analyses are partially transferred by the regression equations to the recurrence-interval estimates.
As part of the National Streamflow Statistics (NSS) program, the USGS has developed and published regional regression equations for every state in the United States, for the Commonwealth of Puerto Rico, and for many U.S. metropolitan areas (Ries 2007) . The regression equations often take this form:
where Qx represents the x-year flood flow (the dependent variable); X, Y, and Z are watershed or climatic characteristics used as independent variables; and a, b, c, and d are regression coefficients. The number of characteristics in the equations varies from region to region. Likewise, the values of the regression coefficients vary between regions. Commonly, the NSS program has developed separate equations for rural and urban areas.
For example, one equation from Blakemore et al. (1994) , derived for the eastern Sierra (Region 5 of the Southwest), states that the 5-year recurrence-interval discharge is a function of the drainage area, elevation, and latitude of the contributing watershed: Another example, derived for northeastern Arizona, states that 5-year recurrence-interval discharge is a function of the drainage area and evaporation:
As evident in the above examples, these empirical equations do not fully reflect underlying physical processes. Note that the units are not consistent from one side of the equation to the other. These equations simply reflect that drainage area and other independent variables are good predictors of the magnitude of the 5-year flood in a given region. Drainage area is typically one of the independent variables; but the exponents, correction factors, and other variables, if any, are site specific and geographically limited. Other variables may be significant only as proxies of other characteristics; for example, elevation and latitude are indices of the type and amount of precipitation. Clearly, a regression equation for Vermont would not work in southern California. Moreover, a regression equation for a location in southern California may be applicable if the watershed were rural but might not be justifiable if the watershed were even 5% urbanized. Nationwide regression equations for urban areas have been developed by Sauer et al. (1983) and reviewed by Gotvald et al. (2012) .
It is important to note that while regression equations are useful for estimating streamflow recurrence intervals, especially at ungaged locations, they do not indicate the actual history at a site. For instance, a regression equation can provide an informed estimate of the 5-year flood, but it cannot provide the location, timing, or magnitude of the last 5-year flood event as can a stream gage. A gage or set of gages near the location of interest might elucidate the recent history of high flows. Often the gage records near a site of interest can provide rudimentary information on the last wet and dry periods and likely times of very high-flow events even if the regression equations provide a more robust estimate of the flood recurrence intervals. Hence, stream gages and regression equations are complementary tools for streamflow analysis.
StreamStats
Over the last decade, the USGS has created and augmented StreamStats, which makes recurrence intervals computed by regional regression equations from NSS easily accessible throughout much of the United States (Ries et al. 2008 ). This online, GIS-(geographic information system) enabled program allows users to pinpoint a location of interest. On request, the program will automatically extract geographic information, access a regression equation for that location, and produce a site-specific The ease of use of the StreamStats program makes it an efficient tool for flow frequency analysis, but the applicability and limitations must be understood to use it effectively. Each state with StreamStats has a publication that documents the regression equations and how they were derived. Typically, the gages, which are the foundation of the regression equations, are in moderate-sized watersheds with minimal disturbances from flow regulation, urbanization, and other impacts. Thus, the StreamStats program works best for locations in similar moderate-sized watersheds with minimal development and without flow-regulating dams or large diversions. Sometimes StreamStats can be used in impacted watersheds to estimate what the natural flow recurrence intervals would have been in the absence of the impacts. However, in all watersheds, whether impacted or not, OHWM delineations should be based on current landscape and streamflow conditions at a given site, even if existing impacts make the flood flows higher or lower than they would have been otherwise.
StreamStats users must be careful to understand the conditions in the area of the point of interest. This can be time-consuming as there is no single location that lists all the impacts for every watershed in the United States. Aerial imagery analysis can offer an initial glimpse of watershed conditions, but many impacts may be difficult to observe. In a way, the ease of StreamStats presents a problem. The flow recurrence intervals are so easily and quickly obtained that users may be tempted to skip the due diligence required to understand the watershed conditions upstream of the point of interest and to determine how applicable the StreamStats regression equations are to the site.
StreamStats does not automatically generate all of the equations or information in the NSS program. Most important for OHWM delineation, StreamStats does not access the urban area regression equations and sometimes does not use the most up-to-date rural regression equations because of funding issues. Even if StreamStats does not use the appropriate regression equation, users can still access the drainage area, elevation, and other physiographic information that is automatically obtained and reported in StreamStats. These parameters can be input into the appropriate regression equations from the NSS program, if available. This procedure requires more user effort, but the results will be more defensible than using simply the automated recurrence-interval results.
In addition, StreamStats often does not compute the prediction confidence intervals; and, as demonstrated throughout this document, the uncertainty of recurrence-interval predications is a core issue in their use for OHWM. For some states, the StreamStats documentation shows equations for computing the prediction confidence intervals, even if the prediction confidence intervals are not generated automatically in the StreamStats program.
Testing StreamStats
This section tests how well StreamStats compares with gage analysis at nine sites representing the dry southwestern United States and the wet northeastern United States. Most of these nine gages are deemed "reference" gages by the USGS in the GAGES II program, which has selected stream gages with long records across the United States in some of the least-disturbed watersheds in their respective regions. Table 2 summarizes the site names, USGS gage numbers, and lengths of gage records in years. Figure 5 shows the stream-gage locations. For the gage analysis, this study computed peak annual flood recurrence intervals by using Log-Pearson Type III distribution in HEC-SSP. For StreamStats results, the table reports the 90% confidence limits for only the Northeast gages because the StreamStats website does not report confidence limits for the drier, highly variable locations. The regression estimates for California were derived by first obtaining the watershed characteristics from the StreamStats program and then entering these values into updated regression equations (Gotvald et al. 2012 ). Table 2 compares the StreamStats results with the gage analysis results. It is difficult to determine which method produces more accurate results as the true recurrence intervals are not known. Given these data, the best approach at any single site may be to combine the gage analysis with the regression equation results as described in Gotvald et al. (2012) and Blakemore et al. (1994) . However, here, the results are separate to compare methods.
The same themes established in the section on gage analysis hold true in this comparison. First, computed recurrence intervals should be considered rough estimates. Different methods often produce results that are significantly different but that are typically within the same order of magnitude. In this comparison, the StreamStats estimates are outside of the 90% confidence intervals of the gage analysis in about a third of the estimates. However, StreamStats results have a broader prediction interval, indicating greater uncertainty. As a result, the gage analysis estimates are within the 90% confidence limits of StreamStats in all of the cases where the confidence intervals are available.
The second theme, consistent with gage analysis, is that the moderate flows are typically significantly lower than the extreme flows. At all sites, the 2-to 10-year recurrence-interval floods are significantly lower than the 50-to 100-year floods. In other words, the maximum value for the 10-year flood is lower than the minimum value of the 50-year flood. Even in arid landscapes where the highly variable flows increase uncertainty in flow frequency analysis, this difference between moderate and extreme flood events is apparent.
In sum, StreamStats is an excellent resource for hydrologists and others interested in flood recurrence intervals.
Pertinence to OHWM
Regression equations, because of their defensible recurrence-interval estimates combined with their ease of use, especially through the StreamStats program, are an efficient tool for flow frequency analysis for OHWM purposes. Although the equations can be easy to use, one must take great care to verify that the regression equations are applicable to the site at hand. This method is best suited for watersheds that have characteristics within the range of characteristics of the watersheds from which the regression equations were derived. Typically, the equations used in StreamStats are derived from moderate-sized watershed without urbanization, flow regulation, or flow diversions. In sites with these impacts, the basin characteristics derived from StreamStats can be input into suitable regression equations, especially for urbanized watersheds (Sauer et al. 1983) , or used as some of the inputs into rainfall-runoff models. The following are the primary limitations to the StreamStats regression equations:
• They are region-specific.
• They predict flow frequencies for only undisturbed watersheds.
• Being empirical relations, they cannot be easily adjusted to account for physical changes in the watershed.
In altered watersheds, regression equations give a sense of flood recurrence intervals prior to the impacts. However, OHWM delineations should be based on current landscape and streamflow conditions at a given site (Lichvar and McColley 2008; Mersel and Lichvar 2014) , even if existing impacts make the flood flows higher or lower than they would be otherwise.
Rainfall-Runoff Models
Whereas gage analysis and regression models are limited to a specific site or region, rainfall-runoff hydrologic models can be applied to essentially any location, regardless of watershed size or conditions. These models simulate the amount of runoff (a term that is equivalent to discharge or flow) for a single rainfall event or continuously for a series of rain events. This section examines and tests how rainfall-runoff models can help to determine flood flow frequencies and begins by defining the different types of rainfall-runoff models. Next, it assesses the basic assumptions of the rainfall-runoff relationship and finishes by testing the Rational Method, one of the most commonly used hydrologic models for small watersheds. Through this section, it becomes evident that there are some situations where flow recurrence intervals derived from hydrologic modeling could assist in OHWM delineation; but usually the effort and uncertainty associated with these flow recurrence estimates outweigh the benefits for OHWM delineation. Typically, regression equations and, to a lesser extent, gage analysis are preferred options to determine flow recurrence intervals for OHWM purposes.
Rainfall-runoff modeling background
As described in the introduction, models take known or estimated inputs and relate them to unknown outputs. In the case of rainfall-runoff models, the typical inputs are precipitation and basin characteristics, such as rainfall intensity, drainage area, and infiltration rates. The outputs are often peak discharge (in units of flow volume per time) or a flow hydrograph, which shows discharge over time.
In the context of rainfall-runoff modeling, the there is a distinction between small, midsize, and large watersheds, and the terms small, midsize, and large are based on the variations in the dominant processes that should be modeled (Ponce 1989) . In small watersheds, runoff travels primarily by overland flow and spends a relatively short period of time as flow within the stream channel. In midsize watersheds, runoff travels more equivalently as overland flow and channel flow. In large watersheds, most of the runoff travel time is spent in the channel. It can take several hours or days for water to travel from the headwaters to the basin outlet and to fill all the backwater areas along the way. In these large watersheds, the routing and storage of water in the channel must be modeled carefully, while in small watersheds, these channel processes are often not modeled explicitly. In small watersheds, rainfall intensity does not change over the duration of a storm because the time of concentration (which is the time required to achieve peak flow) is short relative to the storm duration. In midsize and large watersheds, however, rainfall intensity can change over the duration of the storm because it takes longer to reach the peak flow.
Different models are better suited for different watershed sizes (Ponce 1989; Maidment 1993; Rawls et al. 1996) . For small watersheds (under 200 acres), the Rational Method is typically the model of choice. For midsize watersheds, the Soil Conservation Service (SCS) runoff curve number method combined with the Unit Hydrograph approach is widely used. For large watersheds, the Hydrologic Engineering Center Hydrologic Modeling System (HEC-HMS) model by USACE is widely used. HEC-HMS incorporates channel routing models that simulate the varying times it takes for water to move through a network of channels (Scharffenberg 2013) . As watersheds get larger, the routing of water becomes more important.
There are two primary ways to use rainfall-runoff models to estimate flood flow frequencies (Feldman 1979) . One approach, the "single-storm" method, assumes that the recurrence interval of a given rain event produces a flood with the same recurrence interval (e.g., that the 2-year storm produces the 2-year streamflow event). By modeling several design storms across a range of recurrence intervals, the flood flow recurrence intervals can be estimated. A second approach, the "continuous" method, uses a long record of precipitation, either measured at a nearby station or synthesized, and models the flood flows that would have occurred during this time period. These models can account for changes in basin characteristics due to previous storms. After simulating a long record, the series of annual peak floods are then analyzed for flow frequency by using techniques such as the Log-Pearson Type III analysis described earlier.
This study focuses on single-storm rainfall-runoff modeling in small watersheds and tests how applicable it is to OHWM delineations. Each model and modeling approach has advantages and disadvantages. For medium and large watershed models and for the continuous modeling methods, the simulations can be more complicated, difficult to run, and more challenging to review than models of small watersheds. The added complications do not necessarily improve the predictions of recurrence intervals. For medium and large watersheds, regression equation and gage analysis are typically the preferred flow frequency analysis because they are more straightforward and still produce defensible results for OHWM purposes.
Testing the rainfall-runoff assumption
An important limitation in the single-storm approach is the assumption that rainfall of a given recurrence interval produces a flood of the same recurrence interval. Commonly, there is a roughly 1:1 trend between the frequencies of a precipitation event and the associated flood event; but this relationship is not perfect for many reasons, including
• variable precipitation across the watershed;
• antecedent moisture;
• storm duration versus watershed size; and • other drivers or controls on flood flows, such as snowmelt or dams.
To elaborate, first, precipitation is seldom uniform across an entire watershed, especially as watershed size increases. One portion of a watershed may be experiencing a 5-year, 1-hour precipitation event, but another portion could experience a wholly different event.
Second, the antecedent moisture in a watershed from prior rain events can greatly affect the runoff amount. Moist soil has different infiltration rates and connectivity to groundwater than dry soil (Rawls et al. 1996; Renshaw et al. 2003) . If there are two or more rain events in close succession, the early storms make it more likely that the following storms will lead to large floods because the soil is already moist. Antecedent moisture has diminished importance in urbanized watersheds because the infiltration rates are always high in impervious areas regardless of prior rain events.
Third, the duration of the storm versus the size of the watershed can be an important factor in the runoff amount. For example, a 5-year storm of 1-hour duration will have a greater effect on peak flow in a 1-square-mile watershed than in a 100-square-mile watershed. In the smaller watershed, 1 hour may be plenty of time to reach peak flow. In the larger watershed, it might take many hours to reach peak flow, at which point the 1-hour storm has already passed.
Fourth, there may be drivers on flood flows other than precipitation. Snowmelt or rain-on-snow events can cause larger floods than a simple rain event. Also, dam retention, diversions, and other flow manipulations may result in smaller floods than expected for a rain event. Figure 6 illustrates the point that there is an approximate, but certainly not exact, 1:1 relationship between precipitation recurrence intervals and flow recurrence intervals. The flow recurrence intervals were determined using a Log-Pearson Type III analysis of the peak annual flows at the Mink Brook, Hanover, NH, stream gage maintained formerly by the USGS (#01141800) and currently by Dartmouth College. Precipitation recurrence intervals were determined for each annual peak flow by using an Extreme Value Type I analysis of precipitation measured in this watershed at the Shattuck observatory, maintained by Dartmouth College. Only daily precipitation totals are available. Because the precipitation events often span two calendar days, the precipitation amounts used in the analysis are the sum of the rainfall on the day of the peak discharge plus the previous day. This relationship is tightest in the vicinity of the moderate to high precipitation events. For some of the smaller storms, there is high scatter in the resulting discharge, in part because snowmelt can cause annual peak flows on warm days with little to no precipitation. High flows with a likely snowmelt component are circled. For these events, the amount of precipitation is not a reliable predictor of the amount of flow. From the scatter in these data and the lack of a clear 1:1 relationship, it is evident that flow frequencies derived from rainfall-runoff modeling cannot be used to definitively determine OHWM.
This scatter in the relationship between rainfall and runoff is also evident in drier landscapes. Returning to Lytle Creek near Fontana, CA, Figure 7 shows the total rainfall over a 48-hour period for each of the peak annual flows measured at the USGS gage. Rainfall was recorded in Fontana and accessed through the Global Historical Climatology Network (National Climatic Data Center 2014). As with the Mink Brook data, only daily total precipitation is available at this site, and precipitation events often span two calendar dates. Thus, the precipitation amounts used in the analysis are the sum of the rainfall on the day of the peak discharge plus the previous day. These data show the actual values rather than converting them to recurrence intervals to avoid any assumptions in the frequency analyses. Similar to the Mink Brook data, there is not a clear, singular relationship between rainfall and runoff. For example, a storm that produces about 4 in. of rain can result in peak flows ranging from approximately 100 to 9000 ft 3 /s in Lytle Creek. The issues with the variable rainfall-runoff relationship can be reduced by continuous modeling as opposed to the single-storm approach. In continuous modeling, many storm events are simulated over several years by using an actual or synthetic rainfall record. This type of hydrologic modeling can simulate changes in soil moisture; and by accounting for antecedent moisture, the model includes some of the variables in the rainfall-runoff relationship.
In some cases, continuous modeling may be preferable over the singlestorm approach; but continuous modeling also has limitations, primarily that it is more complicated and costly. If the hydrologic model simulates soil moisture changes over time when computing runoff, the issues with antecedent moisture can be reduced. Yet other difficulties arise in the soil moisture accounting over time.
Indeed, a general truth about modeling is that many of the assumptions of simple models can be reduced by using more complicated models. However, reducing the number of assumptions and adding complexity to the model does not necessarily reduce uncertainty in the flow frequency simulations. Furthermore, added complexity adds costs and makes models harder to understand and to review. Here, a more complicated model is not necessarily a better model.
Testing the Rational Method
This sections tests the performance of the Rational Method in predicting flow recurrence intervals because the Rational Method is a preferred, relatively simple, and widely used model for small watersheds and because it illustrates how simplifications and assumptions can limit a model's applicability. Several textbooks, online tutorials, and county hydrology manuals show how to use the Rational Method in detail. For example, the Hydrology Manual produced by the Los Angeles County Department of Public Works (2006) provides thorough documentation. Rather than reproduce these comprehensive instructions, below is an overview of the method.
The Rational Method is an empirical model that computes a peak discharge for a small watershed (typically less than 200 acres). It does not produce flow hydrographs (simulating how flow changes over time) nor can it be used to route storm water through a stream network. It simply computes the peak discharge for a given rain event in a given watershed by using the following equation:
= , where Q = the peak discharge in units of volume of flow per time, C = the runoff coefficient (non-dimensional), I = the intensity of rainfall in units of length per time (e.g., inches/hour), and A = the watershed area.
The runoff coefficient is a metric of how much of the rainfall will run off versus how much will infiltrate or otherwise be lost. Pavement and roofs have higher C values than forest and grassland. In watersheds with several cover types, a composite value for C can be based on the area-weighted average of each cover type.
The Rational Method simplifies several aspects of a watershed's hydrology, yet it produces valid results in certain applications. The underlying concept is that, in a rain event, some precipitation is runoff and some is lost to infiltration, interception, depression storage, and evaporation. At the outlet of the small watershed, runoff will increase until a time when all points within the watershed are contributing flow. This amount of time is Tc. A storm must maintain the given intensity for at least as long as the time of concentration. There are several ways to compute Tc, which are outlined in hydrology textbooks and manuals (e.g., Maidment 1993).
These simplifications and assumptions make the model easy to use but limit its applications. The invariance of C and I does not allow infiltration rates or rainfall intensity rates to change over time. However, it is well known that these change over the course of a storm; and antecedent soil moisture from previous storms can affect infiltration greatly. Typical listings for C in manuals and elsewhere do not account for antecedent moisture. In addition, the Rational Method does not work for large watersheds, where the flood routing and travel times of storm water are important. For example, in a large watershed, the runoff from distant locations may take longer than the storm duration to reach the point of interest; and the peak flow may occur hours after the rain has abated.
In this test of the Rational Method, the study investigates a 140-acre subbasin along Sheep Creek, a small tributary of Lytle Creek near Fontana, CA, and compares results from the Rational Method, StreamStats, and the gage analysis. The subbasin outlet is located at latitude 34.2676, longitude −117.4989. This subbasin has a mixture of shrub, grass, and a dirt road for land cover (no urbanization); high runoff soils (hydrologic group D); and steep slopes (averaging 20%). This physiography yields a characteristic C value of about 0.4, and C could range from a low estimate of 0.34 to a high estimate of 0.05 (Maidment 1993 ). The range exists because different sources report different C values for a given physiography, and some tables show a range of C values. The time of concentration, Tc, is calculated as about 30 minutes; thus the calculations use the precipitation intensities, I, for the 30-minute duration storms of varying recurrence intervals. The precipitation intensities also have a range of possible values, for example, the 2-year, 30-minute rainfall intensity of 1.02, with a low estimate of 0.85 and a high estimate of 1.25 (NOAA 2014). Table 3 shows the inputs and results of the Rational Method computations at this site and compares the results with the flow recurrence intervals determined from StreamStats and a nearby USGS gage; values are shown with the range of low to high estimates for the inputs and the results. There is no set method for determining the uncertainty of the Rational Method results at this location, such as calculating the 90% confidence intervals or the standard deviation of the hydrologic modeling results. Ground truthing is also not feasible in the absence of long-term gaging records. Recent research has proposed techniques for confidence limits of rainfall-runoff models, but that research is limited to more complicated continuous storm modeling (e.g., Jones and Kay 2007) . In the Sheep Creek test watershed, the high estimate is based on the highest reasonable value of C (0.5) and the upper limit of the published rainfall intensities (NOAA 2014) . The low estimate is based on the lowest reasonable value of C (0.35) and the lower limit of published rainfall intensities. As illustrated in Figure 8 , the methods do not agree exactly. There is uncertainty in each method, and no method can be considered the trutheach is an estimate, some better than others. However, there is general agreement between the Rational Method and StreamStats in the range greater than about 5-year recurrence-interval flows. Furthermore, the subbasin characteristics are within the suggested range for the StreamStats regression equations, giving credence to the StreamStats estimates. There is little confidence in extrapolating the gage analysis to the smaller Sheep Creek subbasin instills. Even though Sheep Creek is a tributary only 5 miles from the gage, the gaged watershed is much larger, extending 14 miles up to the San Bernardino Mountains. The larger watershed exhibits different composite characteristics; and different hydrologic processes come into play, such as channel storage and network routing. Despite the uncertainty and complications of the Rational Method and other rainfall-runoff models, one benefit of rainfall-runoff modeling over gage analysis and regression equations is that the rainfall-runoff models can be adjusted to account for changes in the watershed, such as urbanization or wildfire. Using the Rational Method, one could adjust the C value to account for these changes. Nevertheless, ground truthing and determining uncertainty in these adjusted models would be difficult if not functionally impossible.
Pertinence to OHWM
Rainfall-runoff models are seldom applicable for finding recurrence intervals for OWHM purposes. Typically it is easier, faster, and still defensible to use regression equations, such as those in StreamStats and others for urbanized areas (Sauer et al. 1983) . Rainfall-runoff models may be applicable to OHWM delineation when regression equations and gage analysis are not applicable to a site, perhaps because the contributing area is very small, highly manipulated, or lacking nearby gages. In these cases, simple rainfall-runoff models are likely the preferred option with the recognition that uncertainty may be high. Given that recurrence intervals are supplemental information to the primary field indicators in OHWM delineation, the costs of more complicated rainfall-runoff models generally outweigh the benefits.
Applicability of Modeling Flow Frequency for OHWM Delineation
As shown throughout this document, there are multiple methods of flow frequency analysis, each with different benefits and limitations. In most cases, regional regression equations are the first choice for estimating flood recurrence intervals for OHWM purposes. They are easy to use and provide defensible results in many settings. In locations near a gage, regression equations can be combined with gage analysis (Blakemore et al. 1994) to provide more-reliable estimates of flood flow frequencies. There are many locations where regression equations are not applicable and gage records are not available. These are generally highly manipulated watersheds or very small watersheds that are outside the valid range of watershed characteristics for the regression equations. For small and moderatesized watersheds, rainfall-runoff models, such as the Rational Method, SCS method, or other rainfall-runoff models, may be applicable. In these cases and especially in large watersheds where more complicated, laborintensive models are required, the benefits of the models must be weighed against the costs.
Throughout this document it is clear that all of the models-gage analysis relationships, regression equations, and rainfall-runoff models-have uncertainty that limits their applicability to OHWM delineation. If one were to model the water surface elevation and lateral extent of streamflow for a specific recurrence interval, then that estimate might have a substantial window of error associated with it. This error is compounded by the errors in the hydraulic model used to determine the water surface elevation and lateral extent for the modeled discharge. Thus, the OHWM should typically not be precisely delineated based on a modeled streamflow recurrence interval ( Figure 9A ).
However, this is not to say that streamflow statistics have no utility for OHWM delineation purposes. For example, one could model the amount of streamflow required to inundate a stream channel to a particular point (e.g., to the elevation of a surveyed field feature) and then estimate the range of recurrence intervals associated with this flow ( Figure 9B ). If the range of recurrence interval is far beyond the bounds of what could reasonably be associated with the OHWM, then this information could potentially rule out misleading field indicators. In short, this information can add context to the physical features observed in the field; and this can help to narrow down the OHWM location. The use of hydrologic modeling for OHWM delineation purposes should be undertaken with full consideration of the associated limitations. All model results have uncertainty, even if that uncertainty is not reported. Though the hydrologic models investigated here can be fraught with difficulty and uncertainty, information from modeling is often better than no information at all. Hydrologic modeling is typically best used to provide supplemental information to combine with field evidence. 
Summary
This document focuses on the methods and limitations of determining flood recurrence intervals through modeling and the applicability of such methods for OHWM delineation purposes. Companion documents focus on the use of hydraulic modeling for OHWM delineation (Gartner et al. 2016a ) and an investigation of combining the use of hydraulic modeling, hydrologic modeling, and field evidence for OHWM delineation (Gartner et al. 2016b) .
This report investigated and tested three modeling approaches to flood frequency analysis that could be useful in OHWM delineation. The principal conclusions are that (1) there are multiple ways to estimate streamflow recurrence intervals, each with its own benefits and limitations and each giving slightly different results; (2) the uncertainty in flow frequency analysis is one of several reasons why the OHWM typically should not be delineated based on the inundation extent of a specific flow recurrence interval; and (3) despite this uncertainty, flow frequency analysis can assist in OHWM delineation by bringing quantitative analysis to help eliminate or support potential OHWM locations observed in the field.
